A low-power, non-thermal, ultrasonic deicing system is introduced as a potential deicing system for helicopter rotor blades that are currently being used. In this research effort, 
I. Nomenclature

II. Introduction
ATER particles freeze on impact with the leading edge of the rotor blade when a combination of temperatures close to freezing, high speeds, and high cloud water concentrations occur [1] . Both helicopter and tilt-rotor blades operating at temperatures below freezing tend to collect ice along the majority of the leading edge of the blade [2] .
As ice accumulation alters the stagnation point geometry of the blade, the performance of the vehicle decreases.
Unevenly distributed rotor ice adhesion increases drag, promotes flow separation, and introduces high vibration levels. The increase in drag generated by accreted ice increases the torque required to maintain the lift of the vehicle.
Scavuzzo et al. [3] modeled and demonstrated how ice shedding is another major problem introduced by ice accretion on rotating blades. Shear stresses at the interface between ice and the leading edge of the airfoil increase linearly with ice thickness due to centrifugal forces acting on the ice layer. When shear stresses exceed the ultimate adhesive shear strength of the ice, shards of ice are released. The impact of shed ice could cause serious damage to the aircraft. As ice sheds unevenly, rotor mass unbalance introduces undesired vibrations and changes the handling of the vehicle.
To avoid critical ice formation on the rotor, industry has adopted a standard deicing system for a limited number of helicopter models. This deicing system uses thermal energy to melt accreted ice. The thermal deicing mechanism is only run periodically in order to avoid large power consumption or excessive heating of the leading edge structure. The ice thickness can reach up to 1 cm before the thermal system de-bonds the accreted ice. Such a system requires large amounts of energy (~3.9 W/cm 2 or 25 W/in 2 ) and contributes to an undesired increase in the overall weight and cost of the blade. Melted ice might flow in the aft location to refreeze. Released ice patches are also a ballistic concern. Due to these drawbacks, many small and medium size civil helicopters do not employ any deicing capabilities, limiting the operations of these vehicles under adverse conditions.
The quest for a low-power, non-thermal deicing system has generated several impulsive deicing systems that aim to crack and shed off accreted ice. Electro-impulsive ice protection systems [4] , electro-magnetic impulsive -eddy current repulsion [5] , pneumatic inflation [2, 6] , shape memory alloy stresses and structural resonance [7, 8] and fluid anti-icing [2] are some of the deicing methods that have been studied. Power reduction and non-thermal ice removal was accomplished by these proposed systems, but each of them has related drawbacks. Electro-impulsive deicing has never been applied to helicopter rotor blades due to the large volume of the actuation, fatigue stress considerations, and related challenges for implementation in the finite D-spar space. Pneumatic inflation was shown W to erode when placed in helicopter leading edge areas. Detached ice impact concerns remained with pneumatic leading edge deicing. Structural resonance systems also required ice to accrete to considerable thickness and stresses created in the blade are a concern for D-spar composite delamination. Fluid anti-icing requires large amounts of fluid to be carried on board. The deicing fluid has to be transferred to the blades via complicated slip rings. In addition, leading edge orifice clogging is a concern for this type of system.
Ramanathan et al. [9] proposed the use of ultrasonic shear waves as a low-power ice protection system. In his research, a 1 MHz shear mode piezoelectric patch was applied to an isotropic plate with a layer of ice. Ice interface melting slowly took place and approximately 100 seconds after the actuator was turned on, the ice patch delaminated. Venna et al. described similar melting patterns at lower excitation frequencies (1,000 Hz) that introduced localized high stress due to resonating piezoelectric actuators [7] . Palacios et al. [10] also observed melting of accreted ice layers under the effects of ultrasonic shear vibration. The accreted ice layers showed instantaneous microscopic ice cracking and melting with resonating piezoelectric shear actuators (130 KHz). Heat propagation from the actuator, as a major source of energy melting the ice interface, is a concern for all the high frequency vibration research mentioned above. Heat propagation as the main source for ice removal presents challenges when combined with new leading edges high erosion resistant polymer based materials. The lower thermal propagation properties of these materials introduce melting concerns.
The experimental results obtained in above mentioned ultrasonic/vibration research efforts did not demonstrate instantaneous ice delamination despite predicting interface shear stresses exceeding the adhesion strength of the substrate. A summary of these results related to ultrasonic/vibration deicing is summarized in Table 1 .
A new approach to utilize piezoelectric actuators to cause instantaneous ice delamination is described in this article. Taking advantage of the low shear adhesion strength of ice, ultrasonic piezoelectric actuators demonstrate the capability of delaminating thin ice layers (< 3 mm) without any time delay after the actuator is turned on.
Centrifugal forces introduced on accreted ice layers during rotor operation in icing conditions will reduce required interface stresses. Instantaneous ice delamination occurs while the actuator temperature remains well under freezing temperatures, eliminating heat propagation as the main source of ice de-bonding.
The objectives of the research presented in this paper are 1) to develop a design procedure for the selection of ultrasonic deicing actuators, 2) to present experimental results demonstrating instantaneous delamination of freezer ice, and 3) to correlate these results with predictions. Predictions of the transverse shear stresses between an isotropic host structure and an accreted ice layer under the effects of ultrasonic vibration were performed using finite element analysis. All the proof-of-concept experiments presented in this article were conducted with freezer ice.
III. Ice Adhesion Strength Measurement
Extensive work to experimentally determine the adhesion strength of ice to different materials and under different icing conditions has been conducted by multiple authors [3, [12] [13] [14] [15] [16] [17] . Ramanthan et al. [9] and Venna et al. [7] presented literature reviews on the subject. Based on the experimental shear adhesion strength measurements between ice and steel that were presented in the referenced literature, the expected shear adhesion strength value of refrigerated glaze ice can be expected to range between 0.24 and 1.7 MPa. Some authors present lower shear adhesion strengths for wind tunnel impinging ice than freezer ice, but there are also arguments stating the opposite is true [7] . Due to the large ice shear adhesion strength discrepancies, an ice adhesion measurement rig, similar to the one described in Reference [18] , was fabricated. A photograph and schematic of the ice adhesion strength measuring rig is depicted in Figure 1 . The rig was used to measure the shear adhesive strength of freezer ice to steel plates that were used in this research.
A shear force, F s , applied a known stress to an ice patch with a given surface area, A. A high traction surface was frozen on top of the accreted ice patch. The high traction surface was connected to a cable-pulley mechanism that transformed vertical weight forces to horizontal shear forces on the ice patch. To ensure steady state conditions in the ice adhesion strength during each test, the ice patches were allowed to freeze for 5 hours (Figure 2 ).
The force responsible for ice delamination was used to calculate the adhesion strength of the ice, as presented in Figure 1 .
The surface to which the ice adheres was polished with a 10 micron grain sand paper, followed by anti-grease and acetone to avoid surface contamination and to ensure proper ice adhesion. The average adhesion shear strength of freezer ice to steel at -10º C was experimentally measured to be 1.5 MPa. The maximum shear adhesion strength of ice to steel found by Raraty et al. is 1.66 Mpa [14] . 
IV. Actuator Selection and Modeling
To demonstrate instantaneous ice delamination due to ultrasonic excitation, a suitable actuator, able to provide transverse shear stresses exceeding the adhesion strength of ice to steel, has to be selected. To eliminate thermal energy as the main cause of ice de-bonding, the temperature of the actuator should remain well below freezing when continuously driven at a suitable deicing ultrasonic frequency. Three critical parameters to demonstrate ultrasonic instantaneous ice delamination are required: impedance matching between the actuator and the driving electronics, 
A. Impedance Matching
In prior research described by the authors in Reference [10] regarding the effects of ultrasonic vibration on ice accretion, instantaneous ice de-bonding was not experimentally observed despite predicted ultrasonic transverse shear stresses exceeding the static adhesion strength of the ice layer. The lack of instantaneous ice de-bonding observed in the results is explained by the lack of impedance matching during the experiments. Impedance matching refers to the practice of attempting to make the output impedance of the power source equal to the input impedance of the actuator to which it is ultimately connected to. This is done to maximize the power transfer and minimize reflections from the load. Impedance matching is a partial solution to minimize input power requirements to generate sufficient ice interface stresses to debond accreted ice.The forward power is denoted as the power sent to the actuator systems, while the backward power is that power reflected from the system. To ensure that the voltage reaching the actuator is effectively being converted into mechanical energy, minimum backward (or reflected)
power is desired. To create this condition, impedance matching between the source (amplifier) and the load (actuator system) must occur at ultrasonic frequencies. This requirement is expressed by Equation 2 , in where Z L is the impedance of the load and Z S is the impedance of the source. The derivation of this requirement is found in
Reference [19] .
Electrical impedance describes a measure of opposition to a continuous sinusoidal alternating current. Electrical impedance provides information on the relative amplitudes and relative phase of the voltage potential and current in an alternating circuit. Complex impedance is defined as the ratio of these quantities.
In a direct current circuit there is no distinction between impedance and resistance. The symbol for impedance is usually Z. θ is the phase of the impedance. Impedance is represented as a complex quantity, Z , as it is shown in Equation 4:
where the magnitude Z represents the ratio of the voltage amplitude to the current amplitude. The argument θ gives the phase difference between voltage and current.
The meaning of electrical impedance can be understood by substituting it into Ohm's law (Equation 5).
The magnitude of the impedance Z acts as a resistance, giving the drop in voltage amplitude across an impedance value Z for a given current Ĩ .
The actuator must have an impedance value at the selected ultrasonic mode (mode able to create sufficient interface stresses to delaminate accreted ice) such that is similar to that of the driving electronics, formed by an amplifier and a signal generator. An impedance matching network able to vary the electronic impedance between 25
and 400 Ohms was used in this research. This network is part of an ultrasonic amplifier (AR 800) with a frequency bandwidth ranging from 10 KHZ to 3 MHz.
B. Ice Interface Transverse Shear Stress
To select an ultrasonic actuator able to instantaneously delaminate accreted freezer ice, it is important to not only ensure impedance matching between the actuator and the amplifier source, but to also provide interface shear stresses exceeding the adhesion strength of the accreted ice. There are two different types of interface shear stresses created on the host structure under the actuation of a piezoelectric material: ZX transverse shear stresses and XY shear stresses. ZX transverse stresses are surface stresses, and are zero at free traction surfaces, while XY shear stresses can be non-zero throughout a finite element thickness. ZX stresses introduced at the ice-host structure interface are responsible for delamination processes between layers, while XY shear stresses contribute to ice cracking. A schematic of referred stresses is illustrated in Figure 3 .
When ice accretes, the surface of the host structure is no longer free of tractions, and XY stresses as well as ZX stresses are present at the ice interface. The delamination process induced by ZX transverse shear stresses is explained by Jones in Reference [20] . As the transverse shear stresses exceed the shear adhesion strength of ice, ice delamination is predicted.
When the XY shear stresses exceed the shear strength of ice, ice fracture occurs. Determining the shear strength of ice under ultrasonic strains is beyond the scope of this work, since instantaneous ice de-bonding under ultrasonic vibration (high interface ZX transverse shear stresses) is the main objective of this research effort. Piezoelectric effects occur in noncentosymmetric crystals, such as PZT and quartz. Electric dipoles are generated due to mechanical deformations. The converse effect (reverse piezoelectric effect) has been used in this research to generate transverse shear stresses between a host structure and ice in order to de-bond the freezer ice.
The following summarized finite element method derivation is described in detail in references [21] [22] [23] [24] [25] . The constitutive equations for piezoelectric materials under small field conditions are defined in Equation 6:
where D is the electric displacement vector (C/m 2 ), S is the strain vector, E is the applied external electric field vector (V/m), and T is the stress vector (N/m 2 ). The elastic stiffness at constant electric field, c E , the piezoelectric coupling, e, and the dielectric stiffness at constant strain, ε S , are assumed to be constant, which is a reasonable assumption for piezoelectric materials subjected to moderate electric fields (and therefore small deformations).
Newton's law must be verified (Equation 7) for a uniform assumed displacement (Equation 8)
.
The change of the electric displacement vector D must be equal to zero when no macroscopic charges are present in the medium (Gauss' theorem, Equation 9 ). In addition, considering small deformations the strain tensor, S, can be written as shown in Equation 10 . Finally, assuming electrostatic conditions, the electrostatic potential φ is related to the electric field E by Equation 11.
The constitutive equations for PZT materials can be re-written as follows:
Mechanical boundary conditions can be established by assuming Dirichlet conditions apply for the displacement field such that: 0 u u i = (13) and where u 0 is a known vector. S u is the strain matrix with surface of elements subjected to this condition.
Similarly, the stress field must fulfill Neumann condition (Equation 14), and for convenience, the ensemble of surface elements subjected to this condition is labeled as S T . n is the vector normal to the systems boundaries defining the domain Ω and f 0 is a known vector.
Electrical boundary conditions dictate that those surfaces not covered by electrodes must be free of surface charges, since no electric fields are applied on those surfaces. This is represented by Equation 15.
For those surfaces with electrodes the excitation on the p th electrode (there are p electrodes in the system), the charge on the electrode is defined by:
The variation principle is used to define the functional over the domain and its boundaries. Using the system of equations and boundary conditions defined above, a functional, Π, in where the mechanical and electrical energy of the system (terms integrated in the domain Ω) are defined is identified (Equation 17).
( ) The above functional can be rewritten in terms of finite elements by applying finite element methods. The finite element method determines an approximate solution of the form: (18) where N i are acceptable shape functions that guarantee the continuity of the geometry between elements and that are prescribed in terms of independent coordinates. a i are nodal parameters for the displacement, u, and electric potential fields, φ.
The solution functions of the piezoelectric problem can be rewritten in terms of shape functions such that for each element defined by n nodes, there is an electrical boundary condition, Ω e , where the electric field can be written as:
where Φ is the vector of the nodal values of the electrostatic potential and By performing the integration on the shape function matrices and their derivatives, the functional can be rewritten as: The application of the variational principle to the functional implies its minimization with respect to variations of the nodal values of U and Φ. From the stationary condition, and looking into the harmonic behavior of the system (reverse piezoelectric effect at various input frequencies), the following relation arises as Q (electrical excitation applied to the PZT material) is non zero:
Notice, that no forces are applied to the actuator, therefore F is zero. Harmonic analysis is performed to calculate the impedance of the system at different frequencies. This analysis describes the response of the piezoelectric actuator -steel plate-ice system due to an applied external electric potential to the PZT actuator at an angular frequency ω (φ applied to the electrodes). The electrical current entering the electrodes is written as I = j ω Q. Therefore, the impedance, Z, of each electrode is given by the ratio φ/I. The frequency dependent impedance values are used to determine the actuator-structure resonance frequency. Resonating ultrasonic modes occur at those frequencies where the ultrasonic actuator provides a maximum current output for a given driving voltage. The displacement and stress fields in the structure are calculated at any selected driving frequency. A 7.6 cm diameter, 2.5 mm thick PZT-4 disk was selected to impart in-plane stresses on the 0.7 mm thick, 30.5 cm x 30.5 cm steel plate. A schematic and photograph of the structure is illustrated in Figure 4 . The actuator was selected because the predicted impedance of the actuator attached to the host structure was calculated to be less than 400 Ohms at those frequencies corresponding with impedance lows. This impedance value is in the range of the matching network of the power supply used during this research. Experimental and predicted impedance values agree with errors of less than 3% at impedance lows, as it is illustrated in Figure 5 .
Accreted ice layers were assumed to be isotropic and perfectly bonded to the steel plate (ice Young's Modulus Most importantly, the actuator was selected because, when driven at its ultrasonic radial mode (60 Watts input power, 28.5 KHz), it provided predicted transverse shear stresses at the interface of a 2.5 mm thick ice layer that exceed the experimentally measured shear adhesion strength of ice to steel (1.5 MPa). Instantaneous ice de-bonding is predicted under these conditions when the sinusoidal input signal reaches a maximum. The ZX transverse shear stresses generated at the ice interface were calculated to reach up to 2 MPa at the interface of a 2.5 mm thick ice layer when driven at mentioned conditions. The ice interface transverse shear stresses for different frequencies are shown in Table 2 . The maximum ice interface shear stress is identified for the ultrasonic mode occurring at 28.5
KHz. The predicted transverse shear stresses results, calculated for a maximum of the continuous input excitation, are illustrated in Figure 7 .
Note that the stresses at the interface of the actuator and the steel plate, depicted in Figure 7 , are comparable to those created at the ice interface. For this reason, a bond with adhesion strength exceeding that of the ice was selected. The PZT-4 disks were bonded to the steel plate structure using Eccobond 286, glue used for high frequency applications with a thermal bandwidth ranging from -40º C up to 200º C and shear adhesion strength to steel of 20
MPa. The bonding layer was not modeled in the finite element analysis. 
D. Thermal Modeling and Experimental Correlation
Actuator heating is the final selection parameter required to demonstrate instantaneous ice delamination due to ultrasonic ice interface transverse shear stresses. Elastic, dielectric and piezoelectric losses degrade the performance of the PZT actuators as it is described in References [26] and [27] . Electrical energy supplied to the PZT actuators to drive the host structure is not only transformed into mechanical motion (dictated by the coupling factors of the material) but also into internal heat that is transferred to the host structure. Damping in the actuator and dielectric losses create distributed heat generation in the PZT material and the host structure. Temperature increases in the system facilitate ice melting and generate additional thermal stresses. To minimize these effects, a PZT actuator with temperature increases not exceeding freezing is sought. Following the theoretical model presented in Reference [26] and summarized by Equation 31, heat generation estimates were performed to calculate the temperature increase of potential PZT actuator for predicted input power and resonance frequencies required to promote instantaneous ice delamination. Ensuring that the actuator would not exceed freezing temperatures eliminates thermal effects as the main source responsible for ice de-bonding. Figure 5 . From the impedance of the actuator and the input voltage, the power dissipation was calculated.
TOP VIEW ICE-DISK INTERFACE VIEW
The PZT disk theoretical and experimental steady state temperatures for an input voltage of 50 V and the modes identified by impedance lows ( Figure 5 ) are presented in Table 3 . To ensure steady state temperatures, the actuator was driven for 10 minutes before measuring its surface temperature.
For those frequencies not matching the radial resonance frequency of the actuator, the theoretical model predicts the actuator temperature with a maximum error of 20%. When actuated at the radial ultrasonic resonance frequency of the PZT disk (28.5 KHz), mechanical strains in the PZT material increase. Internal friction in the PZT material generates heat energy not fully captured in the theoretical model. Errors of up to 65% are recorded when the PZT disk is driven at its resonance frequency and with an input voltage of 50 V. Despite the large errors between the predicted and experimental temperature at the radial frequency of the actuator, the disk remained at a negative temperature when a sinusoidal input signal of 50 V was applied. It can be concluded that the actuator rise in temperature does not contribute to ice interface melting due to heat propagation.
An actuator configuration such that higher voltages to the actuator would be required (for similar or lower impedance values) would imply an increase in the dissipated power, P p , and therefore also increase the actuator temperature. If the actuator temperature exceeded freezing, there would be uncertainties during experimental correlations between ice delamination and transverse shear stress predictions, since thermal energy could be the main factor de-bonding the ice layer.
V. Experimental Results
A. Instantaneous Ultrasonic Delamination of Freezer Ice
As presented in Figure 8 , the predicted voltage amplitude required for the PZT-4 disk actuator to generate interface transverse shear stresses on a 2.5 mm thick ice layer that exceed the shear adhesion strength of ice to steel An ice layer 2.5 mm thick was allowed to accrete to the surface of the steel plate for 5 hours at a temperature of -20º C. The steel plate was placed vertically so gravity forces would clearly show the ice falling after delamination.
The actuator was excited at its radial resonance (28.5 KHz), and accreted ice was instantaneously removed for input voltages exceeding 43 V. Thus, the ultrasonic shear deicing method is experimentally validated. Thermocouples placed on both the actuator and the steel plate showed temperatures of -18 0 C at the instant of ice de-bonding, eliminating any concern about thermal propagation being a major effect on the ice de-bonding.
The actuator power consumption required to de-bond the freezer ice layer was measured to be 50 Watts or 0.077 W/cm 2 (0.5 W/in 2 ). 
B. Effects of Ice Thickness on Ultrasonic Deicing
Ice interface transverse shear stresses vary with ice thickness. As the thickness of the ice increases, ultrasonic vibration induces larger interface stresses as the inertia of the ice layer also increases. To further validate the modeling tools, experimental ice de-bonding of layers of three different ice thickness is correlated with predicted interface stresses.
Ice layers of three different thicknesses froze on the surface of the 30.5 cm x 30.5 cm steel plate at a temperature of -20º C. A schematic of the three different ice thickness layers (1.77, 2.28, and 3.81 mm) is shown in Figure 9 . The actuator, steel plate, and accreted ice layer system were modeled using finite element analysis described above.
The XY shear stresses at the interface of the ice layers were calculated for the maximum of the sinusoidal input voltage (50 V). These shear stresses are responsible for ice cracking, but not de-bonding. De-bonding processes are Experimental results show that this ice layer (1.77 mm) does not completely delaminate instantaneously. The 1.77 mm layer also presents a larger crack distribution than the 2.28 and the 3.81 mm thick ice layers. This is due to the effects of XY shear stresses, and because the patch remains bonded to the host structure, since the ZX stresses are not large enough to immediately delaminate the ice patch. A snap shot of the ice layers after the actuator was turned on is presented in Figure 11 . 
FEM Modeling
Upon demonstrating instantaneous ice delamination due to ultrasonic transverse shear stresses on steel plates, work efforts focused on using this approach to remove thin freezer ice layers from a more complex structure representative of a rotor blade leading edge. An airfoil-shaped structure was fabricated out of 0.7 mm thick steel.
The airfoil-shaped structure was modeled using the finite elements methods previously presented. Two freezer ice patches (2 mm x 23 mm x 95 mm) accreted to the top surface of the leading edge of the airfoil-shaped structure were modeled as being perfectly bonded to the structure. The transverse shear stresses created at the interface of the accreted ice layers were predicted. These ultrasonic transverse shear stresses were generated by two PZT-4 disk actuators of 2.54 mm thickness and 38 mm radius. A schematic and finite elements used to model the system are shown presented in Figure 12 .
The predicted ultrasonic frequencies best suited to generate transverse shear stresses able to instantaneously debond accreted ice would be those providing minimum impedance values, as seen in Figure 13 . It is at these frequencies (28.5 KHz, 30.5 KHz) that the ice interface transverse shear stress is maximized for a given input voltage. Notice that at those frequencies away from impedance lows, the ice interface transverse shear stresses are well under the adhesion strength of ice to steel (1.5 x 10 6 Pa) for the given input voltage (100 V). At those frequencies, ice delamination is not predicted. Modeling of the ice interface transverse shear stresses generated when the ultrasonic actuator is excited at its impedance lows are presented in Figure 15 . Both ultrasonic modes provide transverse shear stresses exceeding the adhesion strength of ice when 100 V are applied. 
Original
Experimental Correlation
Two ultrasonic disk actuators were bonded to the bottom of a steel airfoil shaped structure of same dimensions as the one shown in Figure 12 . Two ice patches (~3 mm thick) were frozen on the top surface at a temperature of -20° C.
In these set of experiments, the actuators were excited at 28 and 30.5 KHz ultrasonic modes respectively (200 Watts input power). These two ultrasonic modes were selected because the impedance of the system was in the range of the available impedance matching networks. The ultrasonic excitation provided localized ice interface stresses exceeding the adhesion strength of ice to steel. These stresses weakened the ice locally and instantaneous ice delamination was observed at certain locations of the ice patch. Subsequent complete ice delamination occurred ~2 second later for both ultrasonic modes. Ice delamination was not observed when 200 watts and other modes with impedances under 400 Ohms were triggered. These experimental results demonstrate the potential use of ultrasonic excitation in high curvature areas such as helicopter leading edge protection caps.
VI. Conclusions
Based on the results of this investigation, the following conclusions are made:
1) It was predicted and validated experimentally that instantaneous delamination between ice and isotropic plates representative of helicopter leading edge protection caps is possible using ultrasonic excitation (27 KHz -32 KHz), as transverse shear stresses generated at the ice interface exceed the adhesion strength of the ice.
2) In the presented cases, instantaneous ice delamination is not due to thermal processes related to ultrasonic vibration, as the PZT material remained well under freezing temperatures at the moment of ice de-bonding.
3) The power required to instantaneously de-bond freezer ice layers (ranging between 2 mm and 4 mm in thickness) accreted to a 0.7 mm thick steel plate was measured to be 0.05 W/cm 2 (0.34 W/in 2 ).
4) Impedance matching between the load (actuator) and driving electronics enhances instantaneous ice delamination using piezoelectric actuators, since this condition maximizes input power conversion into mechanical ice debonding stresses.
5) Ultrasonic ice interface transverse shear stresses can be predicted using finite element methods that model the actuator, host structure and accreted ice layer.
6) Ice interface transverse shear stresses are dependent on the accreted ice thickness. At a constant actuation input, thicker ice layers undergo larger transverse shear stresses. A 50 Watts ultrasonic excitation input provided by a 2.5 mm thick, 7.6 cm diameter PZT-4 disk (28.5 KHz radial resonance frequency) is able to instantaneously debond freezer ice layers as thin as 2 mm.
7)
Freezer ice formed on an airfoil-shaped isotropic structure can also be removed by ultrasonic excitation that provides interface transverse shear stresses exceeding the adhesion strength of the ice to the substrate. The required input power and actuator density had to be increased with respect to plate configurations due to the higher structure stiffness of the airfoil-shape configuration (0.2 W/cm 2 , 1.4 W/in 2 ).
Studies on the effect of ultrasonic excitation on impinging ice are suggested to further demonstrate the ability of ultrasonic excitation to de-ice realistic helicopter blade structures under icing conditions.
